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LEAKAGE SIGNAL CANCELLATION

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a continuation of U.S. Patent Appli-
cation Ser. No. 16/820,626, filed on Mar. 16, 2020, now U.S.

Pat. No. 11,476,891, which 1s a continuation of U.S. patent
application Ser. No. 15/493,731, filed on Apr. 21, 2017, now

U.S. Pat. No. 10,594,338, All of the atore-mentioned patent

applications are hereby incorporated by reference 1n their
entireties.

FIELD OF THE INVENTION

The present disclosure 1s related to sensing technologies.

BACKGROUND

A radar system transmits a signal and receives its echo. By
processing the echo signal, the radar system 1s able to detect
objects, and to estimate the distances, velocities, and direc-
tions associated with the objects. Historically, a pulsed radar
1s used 1 military applications, where targets of interest are
typically far away from the radar system. The pulsed radar
emits short pulses, and 1n the silent period recerves the echo
signals. The transmitter of the pulsed radar system 1s turned
ofl before the measurement starts. However, in many civil-
1an applications, such as automotive radar, wireless gesture
recognition, vital sign monitoring, and other monitoring,
implementations, the objects of 1nterest are usually close to
the radar. Due to the short round-trip-delay (RTD) of the
desired reflection signal, a pulsed radar doesn’t work as well
at close range. Instead of a pulsed radar, a frequency-
modulated continuous wave or wavetorm (FMCW) radar 1s
used for short distances.

In FMCW radar, the transmission signal 1s modulated in
frequency (or 1n phase) and differences in phase or ire-
quency between the transmitted signal and a received signal
are used to measure distance to the object from which the
transmitted signal 1s reflected. A linear frequency modulated
(LFM) wavelform can be used, whose instantaneous ire-
quency linearly increases or decreases over time. With the
change 1n frequency being linear over a wide range, then the
distance can be determined by a frequency comparison, with
the frequency difference being proportional to the distance.

FIG. 1 1s a block diagram of a typical FMCW radar. A
wavelorm generator 102 generates a radar probing wave-
form, such as a LFM wavetorm (1.e., chirp). The generated
wavetorm 1s amplified by a power amplifier (PA) 103, and
then transmitted from the transmitter antenna 104 repeatedly
and periodically. At the same time, the signal received by the
receiver antenna 114 1s first amplified by a low-noise ampli-
fier (LNA) 113, and then mixed at mixer 106 with a replica
of the transmitted wavetform. A low-pass filter (LPF) 107
and a digital-to-analog (ADC) 112 are then applied to the
output of mixer 106.

When LFM 1s used, the signal reflected from an object can
be modeled as a sinusoid at the mixer output, whose
frequency 1s proportional to the RTD.

An 1deal wavetorm for transmission 1n a FMCW radar can
be taken to be a signal, s(t):

S(I):eﬂn%ﬁﬂ.ﬂwz)

(1)

with 1 and y being the center frequency for the waveform
and the chirp rate, respectively. A chirp, which can be
referred to as a sweep signal, 1s a signal 1n which the
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frequency increases or decreases with time. The chirp rate 1s
the rate of change 1n the chirp. The instantaneous frequency
for s(t) 1s given as 1 _+vt, linearly increasing over time t. The
received signal, as a reflected signal from an object to which
the transmitted signal i1s 1ncident, can be modeled as x(t):

(Y =Ps(t—1)=p e;zn(,fg(:—r)+0.5~,r(:—~c)2)p

(2)

with 3 and T being amplitude and delay, respectively. The
signals s(t) and x(t) can be combined at mixer 106, for
example, having output, y(t):

PO=3* (D)s(0)pe Ve 0T D, 3)

which 1s a sinusoid over t. By applying a fast Fourier
transform (FFT) to the output of ADC 112, for example, the
object can be detected, the associated delay T can be
estimated, and an associated distance to the object can be
generated.

In operation, a FMCW radar repeats transmission of the
LFM waveform continuously or with a small gap between
periods. Therefore, in FMCW radar, the transmitter and
receiver operate concurrently. Because of this concurrent
operation, the transmitted signal can leak into the receive
channel from the transmitter (Ix) antenna to the receiver
(Rx) antenna directly (without reflection), or even within the
radio frequency (RF) circuit. This Tx-to-Rx leakage signal
can be much stronger than the desired retlection signal, and
can cause severe problems. First, it can generate “ghost”
targets, which cause false detections. In such cases, the
leakage signal acts as a representation that the transmitted
probe had been reflected from an object. Since this 1s a
detection of a leakage signal, the detected signal i1s not
provided by an actual object; hence the detection 1s from a
“ohost” target. Second, 1t can mask true targets, causing
missing detection. Even worse, 1t can saturate components
of the recerver, such as an analog-to-digital converter
(ADC), and totally disable the radar system.

Therefore, it 1s a critical and challenging task to cancel or
reduce the Tx-to-Rx leakage in FMCW radar or otherwise
account for the Tx-to-Rx leakage. Many methods have been
presented 1n the literature. Some methods perform the Tx-to-
Rx leakage cancellation in the analog domain, whose per-
formance 1s usually limited. A reported method performs
leakage cancellation in the digital domain, which, however,
cannot solve the receiver saturation problem. Some pro-
posed methods consider a mixed leakage cancellation
scheme, which estimates the leakage signal 1n the digital
domain and cancels 1t 1n the analog domain. However, 1n
such a mixed leakage cancellation scheme, the leakage
cancelation step 1s carried out at radio frequency (RF) using
additional mixers, which scheme increases the complexity
and cost of a radar transceiver.

SUMMARY

A system and method comprise generating a leakage
cancellation signal 1n the digital domain and cancelling a
leakage signal in receiving a signal in the analog domain
based on the leakage cancellation signal generated in the
digital domain. A waveform generator generates a source
signal for wireless transmission for detection in receive path
circuitry ol an ingoing signal that 1s a reflection of the
transmitted signal from an object. Receive path circuitry,
coupled to receive the mgoing signal corresponding to the
transmitted source signal and to process the ingoing signal,
include a mixer coupled to receirve the source signal, the
ingoing signal, and a leakage signal associated with the
source signal, where the mixer produces a mixer output
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signal. An analog-to-digital converter 1s implemented to
produce a digital mixer output signal that 1s based upon the
mixer output signal. Subtraction circuitry 1s disposed elec-
trically between the mixer and the analog-to-digital con-
verter to subtract a leakage cancellation signal from the
mixer output signal. The leakage cancellation 1s generated
by digital processing circuitry that comprises a cancellation
signal generator coupled to receive the digital mixer output
signal to produce a digital cancellation signal. A digital to
analog converter 1s coupled to receive the digital cancella-
tion signal to produce the leakage cancellation signal.

Various examples are now described to introduce a selec-
tion of concepts 1n a simplified form that are further
described below 1n the detailed description. The Summary 1s
not intended to identify key or essential features of the
claimed subject matter, nor 1s 1t intended to be used to limait
the scope of the claimed subject matter.

According to one aspect of the present disclosure, there 1s
provided a system comprising: a wavelorm generator to
generate a source signal for wireless transmission from at
least one antenna; receive path circuitry coupled to recerve
an 1ngoing radio frequency (RF) signal to process the
ingoing RF signal, the receive path circuitry comprising: a
mixer coupled to recerve the source signal, the ingoing RF
signal, and a leakage signal associated with the source
signal, wherein the mixer produces a mixer output signal; an
analog-to-digital converter that produces a digital mixer
output signal that 1s based upon the mixer output signal;
subtraction circuitry disposed electrically between the mixer
and the analog-to-digital converter to subtract a leakage
cancellation signal from the mixer output signal; and digital
processing circultry that comprises: a cancellation signal
generator coupled to receive the digital mixer output signal
to produce a digital cancellation signal; and a digital to
analog converter coupled to receive the digital cancellation
signal to produce the leakage cancellation signal.

Optionally, in any of the preceding aspects, another
implementation of the aspect provides that the system
includes a first switch coupled to receive the mixer output
signal and coupled to the subtraction circuitry to provide the
received mixer output signal to the subtraction circuitry; and
a second switch coupled to receive the leakage cancellation
signal and coupled to the subtraction circuitry to provide the
received leakage cancellation signal to the subtraction cir-
cuitry, operation of the first and second switches coordinated
to operate the subtraction circuitry 1n a working mode and in
a calibration mode.

Optionally, 1n any of the preceding aspects, a further
implementation of the aspect provides that the system
includes a variable gain amplifier coupled between the
subtraction circuitry and the analog-to-digital converter, the
variable gain amplifier adjustable such that, in the calibra-
tion mode, the variable gain amplifier 1s set to a low-gain
relative to a gain setting of the variable gain amplifier in the
working mode.

Optionally, 1n any of the preceding aspects, a further
implementation of the aspect provides that the cancellation
signal generator includes access to a storage device to store
the digital cancellation signal or parameters to generate the
digital cancellation signal.

Optionally, 1n any of the preceding aspects, a further
implementation of the aspect provides that the cancellation
signal generator includes circuitry to convert a calibration
signal, without compensation for signal leakage, to a first
frequency domain calibration signal; convert a delta func-
tion to a second frequency domain calibration signal; gen-
erate a frequency domain leakage cancellation signal from
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4

the first and second frequency domain calibration signals;
and convert the frequency domain leakage cancellation
signal to the digital cancellation signal.

Optionally, 1n any of the preceding aspects, a further
implementation of the aspect provides the system further
comprising: residual leakage estimation circuitry coupled to
receive the digital mixer output signal to produce a residual
leakage estimation; second subtraction circuitry coupled to
receive the digital mixer output and the residual leakage
estimation to produce a radar output signal; and wherein the
subtraction circuitry subtracts the residual leakage estima-
tion from the digital mixer output to produce the radar output
signal.

Optionally, 1n any of the preceding aspects, a further
implementation of the aspect provides that the residual
leakage estimation circuitry includes the residual leakage
estimation circuitry structured to generate a multiplicative
factor from an average of the digital mixer output signal over
time and to apply the multiplicative factor to the digital
mixer output signal to generate the residual leakage estima-
tion

Optionally, in any of the preceding aspects, a further
implementation of the aspect provides that the system
includes circuitry arranged to control a sensing function with
respect to the generated source signal, based on the digital
mixer output signal or the digital mixer output signal after
reduction of a residual leakage estimation from the digital
mixer output signal.

Optionally, 1n any of the preceding aspects, a further
implementation of the aspect provides that components of
the system are structured to include a frequency-modulated
continuous wave radar.

Optionally, in any of the preceding aspects, a further
implementation of the aspect provides the system further
comprising: one or more additional receive path circuitries
identical to the receive path circuitry; one or more additional
digital processing circuitries identical to the digital process-
ing circuitry, each of the one or more additional receive path
circuitries coupled to a respective one additional receive
path circuitry of the additional receive path circuitries; and
wherein the receive path circuitry and 1ts associated digital
processing circuitry and the one or more additional receive
path circuitries and their associated one or more additional
digital processing circuitries are structured to operate 1n
parallel with respect the source signal generated by the
wavelorm generator.

Optionally, in any of the preceding aspects, a further
implementation of the aspect provides that each digital
processing circuitry of the plurality digital processing cir-
cuitries comprises: residual leakage estimation circuitry
coupled to receive a respective digital mixer output signal to
produce a residual leakage estimation in the respective
digital processing circuitry; second subtraction circuitry
coupled to receive the respective digital mixer output and
the residual leakage estimation to produce a radar output
signal 1 the respective digital processing circuitry; and
wherein the subtraction circuitry subtracts the residual leak-
age estimation from the respective digital mixer output to
produce the radar output signal.

Optionally, in any of the preceding aspects, a further
implementation of the aspect provides that the system fur-
ther comprises: the at least one antenna being a plurality of
transmitter antennas, each transmitter antenna being selec-
tive 1n turn for transmission of a corresponding source signal
derived from the wavetorm generator; a plurality of receiver
antennas, each recerver antenna coupled to a respective one
receive path circuitry of a plurality of receive path circuitries
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identical to and including the receive path circuitry, the
plurality of receiver antennas and their coupled respective
receive path circuitries structured to operate 1n parallel; and
a plurality of digital processing circuitries, each digital
processing circuitry coupled to a respective one recerve path
circuitry of the plurality of receive path circuitries, the
digital processing circuitries 1dentical to and including the
digital processing circuitry, the cancellation signal generator
of each digital processing circuitry to operate as a number of
leakage cancellers operating serially with each leakage
canceller corresponding to one of the transmitter antennas,
cach cancellation signal generator of each digital processing
circuitry to operate in parallel with the other cancellation
signal generator of the other digital processing circuitries.

Optionally, 1n any of the preceding aspects, a further
implementation of the aspect provides that each digital
processing circuitry of the plurality digital processing cir-
cuitries comprises: residual leakage estimation circuitry
coupled to receive a respective digital mixer output signal
corresponding to each transmitter antenna to produce a
residual leakage estimation corresponding to each transmit-
ter antenna in the respective digital processing circuitry;
second subtraction circuitry coupled to receive the respec-
tive digital mixer output corresponding to each transmitter
antenna and the residual leakage estimation corresponding
to each transmitter antenna to produce a radar output signal
corresponding to each transmitter antenna 1n the respective
digital processing circuitry; and wherein the subtraction
circuitry subtracts the residual leakage estimation from the
respective digital mixer output to produce the radar output
signal corresponding to each transmitter antenna.

Optionally, 1n any of the preceding aspects, a further
implementation of the aspect provides that the system fur-
ther comprises: the at least one antenna being a plurality of
transmitter antennas, each transmitter antenna being selec-
tive 1n turn for transmission of a corresponding source signal
derived from the wavetorm generator; a plurality of receiver
antennas, each receiver antenna selectively coupled to the
receive path circuitry for signal reception in turn such that
the each receiver antenna operates with each transmaitter as
a transmitter-receiver pair at selected times; and the cancel-
lation signal generator of the digital processing circuitry to
operate as a number of leakage cancellers operating serially
with each leakage canceller corresponding to one transmit-
ter-recerver pair ol the transmitter-receiver pairs.

Optionally, 1n any of the preceding aspects, a further
implementation of the aspect provides that the system fur-
ther comprises the residual leakage estimation circuitry to
operate as a number of residual leakage estimators to receive
a digital mixer output signal corresponding to each trans-
mitter-receiver pair to produce a residual leakage estimation
corresponding to each transmitter-receiver pair 1n the digital
processing circuitry; the second subtraction circuitry
coupled to receive the digital mixer output corresponding to
cach transmitter-receiver pair and the residual leakage esti-
mation corresponding to each transmitter-receiver pair to
produce a radar output signal corresponding to each trans-
mitter-recerver pair 1n the digital processing circuitry; and
wherein the subtraction circuitry subtracts the residual leak-
age estimation from the respective digital mixer output to
produce the radar output signal corresponding to each trans-
mitter-receiver pair.

According to one aspect of the present disclosure, there 1s
provided a system comprising: a wavelorm generator to
generate a source signal for acoustic transmission from at
least one acoustic transmitter; receive path circuitry coupled
to recerve an ingoing signal to process the ingoing signal

10

15

20

25

30

35

40

45

50

55

60

65

6

alter conversion from an ingoing acoustic signal, the receive
path circuitry comprising: a mixer coupled to receive the
source signal, the ingoing signal, and a leakage signal
associated with the source signal, wherein the mixer pro-
duces a mixer output signal; an analog-to-digital converter
that produces a digital mixer output signal that 1s based upon
the mixer output signal; subtraction circuitry disposed elec-
trically between the mixer and the analog-to-digital con-
verter to subtract a leakage cancellation signal from the
mixer output signal; and digital processing circuitry that
comprises: a cancellation signal generator coupled to receive
the digital mixer output signal to produce a digital cancel-
lation signal; and a digital to analog converter coupled to
receive the digital cancellation signal to produce the leakage
cancellation signal.

Optionally, 1n any of the preceding aspects, another
implementation of the aspect provides that the system
includes a first switch coupled to receive the mixer output
signal and coupled to the subtraction circuitry to provide the
received mixer output signal to the subtraction circuitry; and
a second switch coupled to receive the leakage cancellation
signal and coupled to the subtraction circuitry to provide the
received leakage cancellation signal to the subtraction cir-
cuitry, operation of the first and second switches coordinated
to operate the subtraction circuitry in a working mode and in
a calibration mode.

Optionally, 1n any of the preceding aspects, a further
implementation of the aspect provides that the cancellation
signal generator includes circuitry to convert a calibration
signal, without compensation for signal leakage, to a first
frequency domain calibration signal; convert a delta func-
tion to a second frequency domain calibration signal; gen-
erate a frequency domain leakage cancellation signal from
the first and second frequency domain calibration signals;
and convert the frequency domain leakage cancellation
signal to the digital cancellation signal.

Optionally, in any of the preceding aspects, a further
implementation of the aspect provides the system further
comprising: residual leakage estimation circuitry coupled to
receive the digital mixer output signal to produce a residual
leakage estimation; second subtraction circuitry coupled to
receive the digital mixer output and the residual leakage
estimation to produce a detection output signal; and wherein
the subtraction circuitry subtracts the residual leakage esti-
mation from the digital mixer output to produce the detec-
tion output signal.

According to one aspect of the present disclosure, there 1s
provided a method comprising: generating a source signal
for wireless transmission from at least one antenna; receiv-
ing an ingoing radio frequency (RF) signal and processing
the 1ingoing RF signal, the processing comprising: mixing
the source signal, the ingoing RF signal, and a leakage signal
associated with the source signal, producing a mixer output
signal; subtracting a leakage cancellation signal from the
mixer output signal; and producing a digital mixer output
signal that 1s based upon the mixer output signal, wherein
production of the leakage cancellation signal comprises:
producing a digital cancellation signal by a cancellation
signal generator coupled to receive the digital mixer output
signal; and converting the digital cancellation signal to an
analog signal to produce the leakage cancellation signal.

Optionally, 1n any of the preceding aspects, another
implementation of the aspect provides that producing the
digital cancellation signal includes converting a calibration
signal, without compensating for signal leakage, to a first
frequency domain calibration signal; converting a delta
function to a second frequency domain calibration signal;
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generating a frequency domain leakage cancellation signal
from the first and second frequency domain calibration
signals; and converting the frequency domain leakage can-
cellation signal to the digital cancellation signal.

Optionally, 1n any of the preceding aspects, a further
implementation of the aspect provides that the method
includes estimating a residual leakage signal based on the
digital mixer output signal; and producing a radar output
signal from subtracting the estimated residual leakage signal
from the digital mixer output signal.

Optionally, 1n any of the preceding aspects, a further
implementation of the aspect provides that estimating the
residual leakage signal includes generating a multiplicative
factor from averaging the digital mixer output signal over
time and applying the multiplicative factor to the digital
mixer output signal to generate the estimated residual leak-
age signal.

Optionally, 1n any of the preceding aspects, a further
implementation of the aspect provides that the method
includes performing a sensing function with respect to the
source signal based on the digital mixer output signal.

Optionally, 1n any of the preceding aspects, a further
implementation of the aspect provides that performing the

sensing function includes performing the sensing function as
part of a frequency-modulated continuous wave radar.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a block diagram of a typical frequency-modu-
lated continuous wave radar.

FIG. 2A 1s a representation of a signal that 1s transmitted
repeatedly and periodically from a transmitter antenna of a
frequency-modulated continuous wave radar, according to
an example embodiment.

FI1G. 2B illustrates that a typical leakage signal, observed
at the output of a mixer of a frequency-modulated continu-
ous wave radar system, 1s periodic with the same period as
the transmitted wavetorm shown in FIG. 2A, according to an
example embodiment.

FIG. 3 1s a block diagram of an example system having a
frequency-modulated continuous wave radar system,
according to an example embodiment.

FIG. 4 1s a block diagram of an equivalent leakage
cancellation for the system of FIG. 3, according to an
example embodiment.

FIG. 5 1s a block diagram of an example system having a
frequency-modulated continuous wave radar system 1n a
phased array configuration, according to an example
embodiment.

FIG. 6 1s a block diagram of an example system having a
frequency-modulated continuous wave radar system 1n a
multiple-input multiple-output radar configuration, accord-
ing to an example embodiment.

FIG. 7 1s a block diagram of an example system having a
frequency-modulated continuous wave radar system 1n a
multiple-input multiple-output radar configuration, accord-
ing to an example embodiment.

FIG. 8 1s a flow diagram of features of an example method
to cancel a leakage signal, according to an example embodi-
ment.

FIG. 9 1s a block diagram of an example system having a
detection system, according to an example embodiment.

FIG. 10 1s a block diagram illustrating circuitry for
systems having a detection system with components to
cancel or reduce a leakage signal, according to an example
embodiment.
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DETAILED DESCRIPTION

In the following description, reference i1s made to the
accompanying drawings that form a part hereof, and 1n
which 1s shown by way of illustration specific embodiments
which may be practiced. These embodiments are described
in suflicient detail to enable those skilled in the art to
practice the invention, and 1t 1s to be understood that other
embodiments may be utilized and that structural, logical and
clectrical changes may be made without departing from the
scope of the present invention. The following description of
example embodiments 1s, therefore, not to be taken 1n a
limited sense, and the scope of the present invention 1is
defined by the appended claims.

The functions or algorithms described herein may be
implemented in hardware and/or software in an embodi-
ment. The software may consist of computer executable
instructions stored on computer readable media or computer
readable storage device such as one or more non-transitory
memories or other type of hardware based storage devices,
either local or networked. Further, such functions corre-
spond to modules, which may be software, hardware, firm-
ware or any combination thereof. Multiple functions may be
performed 1 one or more modules as desired, and the
embodiments described are merely examples. The software
may be executed on a digital signal processor, an application
specific integrated circuit (ASIC), microprocessor, or other
type of processor operating on a processing system, such as
but not limited to a computer system, such as a personal
signal processing device, personal computer, server, or other
computer system, turning such processing system into a
specifically programmed machine.

In various embodiments, a technique to cancel or reduce
Tx-t0-Rx leakage includes operation 1in the digital domain
and 1n the analog domain. Such technique may be applied 1n
a two step procedure. The first step 1s a mixed scheme. A
leakage cancellation signal 1s generated digitally, converted
to an analog signal, and 1s then subtracted in the analog
domain from a signal received by the receiver. However, 1n
contrast to methods that conduct cancellation at RFE, the
leakage cancelation can be performed at base-band, which
may be applied at an output of a mixer mixing the associated
received signal and the source signal for the transmitted
signal. No additional mixers are needed, which can dramati-
cally simplily radar transceiver design.

A second step, which may be implemented, 1s designed to
turther reduce residual leakage in the digital domain. Dii-
ferent from the first step, the leakage can be estimated
adaptively from the received signal, and, hence, 1t can be
performed online without interrupting the normal radar
operation.

FIG. 2A 1s a representation of a signal 441 that 1s
transmitted repeatedly and periodically from a transmuitter
antenna of a FMCW radar. In FMCW radar, the transmitter
and recerver operate concurrently, where 1n addition to the
signal reflected from objects, the transmitted signal also
leaks 1nto the receiver directly. This leakage can be much
stronger than the reflection signal. FIG. 2B 1illustrates that a
typical leakage signal, observed at the output of a mixer of
a FMCW radar system, 1s periodic with the same period as
the associated transmitted wavelorm shown in FIG. 2A.
FIG. 2B shows the real part 442 and the imaginary part 444
of the leakage signal.

FIG. 3 1s a block diagram of an embodiment of an
example system 300 having a FMWC radar system. System
300 includes a wavetorm generator 302, a transmitter
antenna 304, a receiver antenna 314, a mixer 306, a cancel-
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lation signal generator 320, a digital-to-analog converter
(DAC) 322, a subtraction circuitry 316, and an ADC 312. In
operation, wavelorm generator 302 1s arranged to generate
a source signal and transmitter antenna 304 1s coupled to
wavelorm generator 302 to transmit the source signal. The
source signal can be amplified by a PA 303 coupled between
wavelorm generator 302 and transmitter antenna 304. For
those systems that do not include such an amplifier, the
signal provided to transmitter antenna 304 is the source
signal eflectively amplified by a factor of one.

Mixer 306, ADC 312, and subtraction circuitry 516-% can
form a receive path circuitry coupled as a receiver chain to
receiver antenna 314. The receive path circuitry 1s coupled
to recetve an 1ngoing radio frequency (RF) signal to process
the ingoing RF signal in response to transmission of the
source signal from transmitter antenna 304. The received
signal can be received as a reflection from an object upon
which the transmitted source signal impinges. The mixer
306 can be coupled to receive the source signal, the mngoing
RF signal, and a leakage signal associated with the source
signal, where mixer 306 produces a mixer output signal. The
received signal in receive path circuitry can be amplified by
a LNA 313 coupled between recerver antenna 314 and mixer
306. For those systems that do not include such a low noise
amplifier, the signal provided to mixer 306 is the received
signal effectively amplified by a factor of one. The leakage
signal, associated with the source signal, can be a signal
from transmitter antenna 304 directly to receiver antenna
314, providing a Tx-to-Rx leakage signal. The leakage
signal may include leakage components from the circuitry,
including waveform generator 302 and PA 303, associated
with providing a signal to transmitter antenna 304. The
leakage signal from such circuitry may become part of the
signal in recerver antenna 314, LNA 313, and/or mixer 306
operated on at mixer 306. Mixer 306 has an output to
provide the mixed signal as a mixer output signal.

ADC 312 can produce a digital mixer output signal that 1s
based upon the mixer output signal of mixer 306 in the
receive path circuitry. Subtraction circuitry 316 1s disposed
clectrically between mixer 306 and ADC 312 to subtract a
leakage cancellation signal from the mixer output signal 1n
the receive path circuitry. The mixer output signal can be
provided to subtraction circuitry 316 through a LPF 307
coupled between mixer 306 and subtraction circuitry 316,
where LPF 307 filters the mixer output signal according to
settings of LPF 307. For those systems that do not include
such a low pass filter, the mixer output signal provided to
subtraction circuitry 316 1s essentially the full mixer output
signal. The output of subtraction circuitry 316 can be a
leakage-reduced mixer output signal, which can be provided
to ADC 312 through a varniable gain amplifier (VGA) 318
coupled between subtraction circuitry 316 and ADC 312.

For those systems that do not include such a variable gain
amplifier or an amplifier, the analog leakage-reduced mixer
output signal provided to ADC 312 i1s essentially the leak-
age-reduced mixer output signal (essentially amplified with
a gain of one). The digital leakage-reduced mixer output
signal output from ADC 312 1s provided to digital process-
ing module 310.

Cancellation signal generator 320 and DAC 322 can form
digital processing circuitry 310. Cancellation signal genera-
tor 320 can be coupled to receive the digital mixer output
signal to produce a digital cancellation signal. DAC 322 can
be coupled to receive the digital cancellation signal to
produce the leakage cancellation signal, which 1s an analog,
leakage cancellation signal. The analog leakage cancellation
signal can be synced with the output of mixer 306 to provide
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appropriate signals to subtraction circuitry 316. The timing
of the mixer output can be determined by the timing of the
transmitted source signal, which 1s controlled by the same
system as generating the digital cancellation signal. The start
of the transmission of the source signal and output of the
digital cancellation signal may be correlated to be simulta-

neous. The leakage cancellation signal can be provided to
subtraction circuitry 316-k4 through a LPF 317 coupled
between DAC 322 and subtraction circuitry 316, where LPF
317 filters the leakage cancellation signal according to
settings of LPF 317. For those systems that do not include
such a low pass filter, the leakage cancellation signal pro-
vided to subtraction circuitry 316 1s essentially the full
leakage cancellation signal.

Cancellation signal generator 320 can include circuitry to
convert a calibration signal, without compensation for signal
leakage, to a first frequency domain calibration signal;
convert a delta function to a second frequency domain
calibration signal; generate a frequency domain leakage
cancellation signal from the first and second frequency
domain calibration signals; and convert the Irequency
domain leakage cancellation signal to the digital cancella-
tion signal. Cancellation signal generator 320 can provide
the digital cancellation signal for canceling leakage associ-
ated with a signal received at receiver antenna 314 at some
time after converting the frequency domain leakage cancel-
lation signal to the digital cancellation signal. Cancellation
signal generator 320 can include access to a storage device
to store the digital cancellation signal or parameters to
generate the digital cancellation signal, and to provide the
digital cancellation signal.

In addition to cancellation signal generator 320, digital
processing module 310 can include residual leakage estima-
tion circuitry 325 and a subtraction circuitry 330. Residual
leakage estimation circuitry 325 can be coupled to receive
the digital mixer output signal to produce a residual leakage
estimation. Subtraction circuitry 330 can be coupled to
receive the digital mixer output and the residual leakage
estimation to produce a radar output signal. The subtraction
circuitry 330 subtracts the residual leakage estimation from
the digital mixer output to produce the radar output signal.
Residual leakage estimation circuitry 323 can be structured
to generate a multiplicative factor from an average of the
digital mixer output signal over time and to apply the
multiplicative factor to the digital mixer output signal to
generate the residual leakage estimation.

Digital processing module 310 can be arranged to operate
in a number of different modes. In one mode, digital
processing module 310 provides the digital cancellation
signal for use 1n cancelling leakage 1n a signal receirved at
receiver antenna 314 during a sensing operation of system
300. This mode 1s a working mode. In another mode, digital
processing module 310 operates to generate the digital
cancellation signal. This other mode 1s a calibration mode.
The two modes can be conducted by correlated operation of
switches of system 300.

System 300 can include a first switch 305 coupled to
subtraction circuitry 316 to operatively provide the mixer
output signal to subtraction circuitry 316. System 300 can
also include a second switch 315 coupled to subtraction
circuitry 316 to operatively provide the leakage cancellation
signal to subtraction circuitry 316. Operation of the first
switch 305 and second switch 315 can be coordinated to
operate subtraction circuitry 316 in a working model or 1n a

calibration mode. VGA 318, coupled to subtraction circuitry
316 and to ADC 312, 1s adjustable such that, 1n the calibra-
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tion mode, the variable gain amplifier 1s set to a low-gain
relative to a gain setting of the variable gain amplifier in the
working mode.

Circutry of digital processing module 310 can be realized
as one or more ASICs and/or one or more digital signal
processors (DSPs). Such ASICs and/or DSPs can be struc-
tured to provide the generation of a cancellation signal
residual leakage estimate 1n an optimized manner 1n that the
digital signal processors may be made to operate, with
instruction memory and/or data memory, specific to the
executions of these functions.

System 300 can include circuitry to control a sensing
function with respect to the generated source signal, based
on the digital mixer output signal or the digital mixer output
signal after reduction of residual leakage signal from the
digital mixer output signal. The circuitry may be portions of
one or more ASICs, one or more DSPs, and/or one or more
processors. The architecture of system 300 may be used with
other sensing systems.

System 300 can provide a two-step leakage cancellation
scheme to avoid problems associated with conventional
FMCW radars. The first step 1s performed at baseband in the
analog domain. In this step, the majority of the leakage
energy 1s cancelled, and the problem of saturation of an ADC
1s addressed. The second step can be carried out in the digital
domain. It can be used to cancel residual leakage energy,
which can allow for avoidance of “ghost” targets and
masking of real targets.

As shown 1n FIG. 3, a leakage cancellation signal 1s
generated 1n the digital domain. This digital signal can then
be converted 1nto an analog version by using DAC 322 and
LLPF 317. Analog subtraction circuitry 316 can be used to
subtract the signal obtained through LPF 317 from the mixer
output signal. A Tx-to-Rx leakage signal can be canceled or
reduced, when the leakage cancellation signal 1s close to the
true leakage signal. Note that in FIG. 3, two switches 305
and 315 along with VGA 318 are designed before ADC 312.
When the radar 1s in the normal working mode, both
switches 305 and 315 are set to position 0 shown in FIG. 3,
where the mixer output and the leakage cancellation signal
are selected as the analog subtraction circuitry 316 1nputs.
Position 1 of the two switches 305 and 315 can be connected
to ground. Position 1 of the two switches 305 and 315 can
be used 1n a calibration procedure, which can be used for the
leakage estimation.

VGA 318 may be implemented using a fixed high-gain
amplifier and a fixed low-gain amplifier. When the radar
operates in the working mode with the switches 1n position
0, the strong leakage signal 1s cancelled or reduced, and,
hence, the mput to VGA 318 1s weak. Therefore, the
high-gain amplifier can be used in the normal working
mode. In contrast, in a leakage calibration procedure, the
low-gain amplifier may be used.

To effectively cancel or reduce the leakage, it 1s desirable
to estimate the leakage accurately. A leakage calibration
procedure 1s presented herein for this purpose. This proce-
dure can be performed, when the radar 1s in an 1dle mode.
The inventors have observed from a number of conventional
systems that the Tx-to-Rx leakage 1s substantially consistent
over time and for different hardware platforms. Therefore,
dependent on the leakage cancellation requirement for an
application, this leakage calibration procedure may also be
performed at a lab environment, and the obtained leakage
cancelation signal can be used for other platforms, such as
commercial platforms.

A leakage calibration procedure for system 300 of FIG. 3
can begin with selecting a setting by choosing a low-gain
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amplifier for VGA 318 or a low gain level of a plurality of
gain levels for VGA 318. At step “a” of the leakage
calibration procedure, switch 305 i1s set to position 0, and
switch 316 1s set to position 1. The output of ADC 312 1s
operated on by a fast-Fourier transform (FFT) and the FFT
of the output i1s recorded as y,(f). At step “b,” switch 305 1s
set to position 1, and switch 315 to position 0. A delta
function, 1.e., [1, O, O, . . . ], 1s transmitted to DAC 322,
which provides an analog signal to LPF 317 that provides a
filtered analog signal to subtraction circuitry 316. With
switch 305 set to position 1, subtraction circuitry 316
conducts a subtraction operation with respect to zero and the
filtered analog signal that 1s provided to cancellation signal
generator 320 via VGA 318 and ADC 312. At cancellation
signal generator 320, the output of ADC 312 1s subjected to
an FFT and the FFT of the output 1s recorded as y,(f).

At step “c,” the cancellation signal generator 320 can
compute a frequency cancellation signal, c(f) as

1Dy () (1)

2 (O + a2

c(f) =

where 6~ denotes the noise variance and * denotes complex
conjugate. The cancellation signal generator 320 can apply
an inverse fast-Fourier transform (IFFT) to c(f), where the
output of the IFFT can be used as the digital cancellation
signal.

To describe the leakage calibration procedure, a block
diagram for an equivalent leakage cancellation for system
300 1s shown 1n FIG. 4 with switch 315 at position 0 and
switch 305 at position 0. In the frequency domain, cancel-

lation signal generator 320 of FIG. 3 i1s represented by
leakage calibration 420 having leakage estimator 421, FFT

423, and IFFT 424. H(f) 419 represents the frequency
response of the combination of VGA 316 and ADC 312, and
GO 429 represents the frequency response of the combina-
tion of DAC 322 and LPF 317. FFT 423 1s applied to the
output of ADC 312 and provides signal y(f). IFFT 424 1s
applied to the cancellation signal, c(f), generated by leakage
estimator 421 with the output of the IFFT 424 provided to
the mput of DAC 322. The FFT and IFFT length can be
determined by the period of the transmitted radar waveform.
See, for example, FIG. 2A.

To verily this leakage calibration method, let s(f) denote
the leakage signal in the frequency domain. Then, by using
the periodic property of the leakage signal, as demonstrated
in FIG. 2B, y,(f) of step a can be modeled as:

H=HNSH+H(De()), (2)
where e(f) denotes noise. Similarly, y, (I) at step b can be
given by:

Y2(N=H(H G (3)

Inserting equations (2) and (3) into c(f) of equation (1),
the leakage cancelation signal at the analog subtractor input
316 can be given by:

|GAHH)I? (4)

T 2
IGUHHI + o

|G(NH (I .
IGOHH(| + o

G(f)e(f) = () —e( ).

Since the leakage signal 1s much stronger than noise, 1.e.,
Is(D)I>>le(f)l and 6°<<1, the following approximation can
be obtained:

G(HecOs(. (3)
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In other words, the leakage signal can be canceled or
reduced significantly by using the leakage cancelation signal
obtained using the steps above.

The above method can cancel the majority of the leakage
energy, and can provide a solution to the ADC saturation
problem. However, residual leakage signal may be still
strong enough to generate “ghost” targets and/or to mask the
true targets. To address this 1ssue, a second-step leakage
canceller may be implemented to further reduce the leakage
signal.

As shown i FIG. 3, residual leakage estimation and
cancellation, which 1s the second step when using the
two-step leakage cancellation, 1s implemented 1n the digital
domain. It 1s an online method, and, hence, won’t interrupt
the normal radar operation. By online, 1t 1s meant that 1t can
be performed 1n real time. With respect to signal processing,
by real time 1s meant completing some signal/data process-
ing within a time that 1s suflicient to keep up with an external
process, such as performing detection operations of a radar.

In residual leakage estimation circuitry 323 of system 300
of FIG. 3, the residual leakage signal can first be estimated.
Note that the leakage signal 1s periodic, since the leakage
signal 1s associated with the source signal transmitted. It
may be assumed that the leakage signal 1s unchanged, while
the radar signal reflected from objects varies over time due
to movement of the objects being detected or movement of
the radar. By averaging the measurements over a long time,
for example a few minutes, an estimate of the residual
leakage signal can be obtained. After averaging the received
signal, the leakage signal can be kept the same, while, the
radar return signal 1s essentially cancelled out due to time-
varying phases. Let y(t) be the time-domain signal at the
input of residual leakage estimation circuitry 325 at a certain
period. Then, the leakage signal p(t) can be estimated using,
tollowing approximate relationship:

(6)

where p denotes a forgetting factor, and 1s a small number,
for example, 107>, The termp p,(t) on the right side repre-
sents an older estimate of the leakage signal. When a new
chirp signal y(t) 1s received, a weighted average of p () (the
old p(t)) and y(t) can be computed. The result can be used
as an updated leakage estimate, 1.e., the p(t) on the left side
of relationship (6). The process can keep updating p(t) using
the relationship (6). Equivalently, p(t) can be taken as an
average of y(t) over the past time, but with diflerent weights.
Then, the leakage signal can be further reduced by subtract-
ing p(t) from y(t). However, under some conditions, the
second-step leakage canceller provided by residual leakage
estimation circuitry 325 in FIG. 3 can be omitted. Residual
leakage estimation circuitry 325 can be omitted from the
architecture of system 300, or digital processing module 310
may 1nclude logic and/or a switch to operatively switch
residual leakage estimation circuitry 325 off and on.
Various modifications to the architecture of system 300
can be made to implement the leakage cancellation provided
in system 300 to other systems. The leakage cancellation
techniques can be extended to multiple antenna radar sys-
tems, including phased array, and multiple-input multiple-
output (MIMO) radar. It can also be used in other sensing
systems, such as sonar, ultrasonic, and other sensing systems
that generate a probe and detect a signal 1n response to the
generation of the probe. In addition, the radar transceiver
system 1n FIG. 3 can be modified. For example, a range
compensation high-pass filter (HPF) can be used before or
after VGA 318. With the inclusion of the HPF, the same

leakage cancellation method can be applied.

p()y<—(1-p)p,(B)+py(2)
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FIG. § 1s a block diagram of an embodiment of an
example system 500 having a FMCW radar system 1n a
phased array configuration. System 500 i1ncludes a wave-
form generator 502, a transmitter antenna 504, receiver
antennas 514-1 . . . 514-N, mixers 506-1 . . . 506-N,
cancellation signal generators 520-1 . . . 520-N, DACs
522-1 . . . 522-N, subtraction circuitries 516-1 . . . N, and
ADC 512-1 . .. 512-N. In operation, wavelform generator
502 1s arranged to generate a source signal for wireless
transmission, and transmitter antenna 504 i1s coupled to
wavelorm generator 502 to transmit the source signal. The
source signal can be amplified by a PA 503 coupled between
wavelorm generator 502 and transmitter antenna 504. For
those systems that do not include such a power amplifier, the
signal provided to transmitter antenna 504 1s the source
signal eflectively amplified by a factor of one.

For each k, k=1 . . . N, mixer 506-4£, ADC 512-%, and
subtraction circuitry 516-% can form a receive path circuitry
k coupled as a receiver chain to a respective one receiver
antenna 314-%. Each receive path circuitry k 1s coupled to
receive an ingoing radio frequency (RF) signal to process
the ingoing RF signal in response to transmission of the
source signal from transmitter antenna 304. The received
signal can be received as a reflection from an object upon
which the transmitted source signal impinges. Each mixer
506-k can be coupled to receive the source signal, the
ingoing RF signal, and a leakage signal associated with the
source signal, where mixer 506-% produces a mixer output
signal. Each received signal 1n receive path circuitry k can
be amplified by a LNA 513-&£ coupled between receiver
antenna 514-4 and mixer 506-%. For those systems that do
not mclude such a low noise amplifier, the signal provided
to mixer 506-4 1s the recerved signal effectively amplified by
a lactor of one. The leakage signal, associated with the
source signal, can be a signal from transmitter antenna 504
directly to receiver antenna 514-%. The leakage signal may
include leakage components from the circuitry, including
wavelorm generator 502 and PA 503, associated with pro-
viding a signal to transmitter antenna 504. The leakage
signal from such circuitry may become part of the signal 1n
recetver antenna 514-4£, LNA 513-%, and/or mixer 506-%
operated on at mixer 506-%4. Mixer 506-% has an output to
provide the mixed signal as a mixer output signal.

For each k, k=1 . . . N, ADC 512-% can produce a digital
mixer output signal that 1s based upon the mixer output
signal of mixer 506-k 1n receive path circuitry k. Subtraction
circuitry 316-k 1s disposed electrically between mixer 506-4
and ADC 512-% to subtract a leakage cancellation signal
from the mixer output signal in receive path circuitry k. The
mixer output signal can be provided to subtraction circuitry
516-% through a LPF 3507-% coupled between mixer 506-%
and subtraction circuitry 316-4&, where LPF 507-£ filters the
mixer output signal according to settings of LPF 507-%. For
those systems that do not include such a low pass filter, the
mixer output signal provided to subtraction circuitry 516-&
1s essentially the full mixer output signal. The output of
subtraction circuitry 516-% can be a leakage-reduced mixer
output signal, which can be provided to ADC 512-£ through
a variable gain amplifier (VGA) 518-4£ coupled between
subtraction circuitry 516-4 and ADC 512-%. For those sys-
tems that do not include such a variable gain amplifier or an
amplifier, the analog leakage-reduced mixer output signal
provided to ADC 512-k 1s essentially the leakage-reduced
mixer output signal (essentially amplified with a gain of
one). The digital leakage-reduced mixer output signal output
from ADC 512-% 1s provided to digital processing module
510-%
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For each k, k=1 ... N, cancellation signal generator 520-%
and DAC 522-f can form digital processing circuitry k.
Cancellation signal generator 520-% can be coupled to
receive the digital mixer output signal to produce a digital
cancellation signal. DAC 522-k can be coupled to receive
the digital cancellation signal to produce the leakage can-
cellation signal, which 1s an analog leakage cancellation
signal. The analog leakage cancellation signal can be synced
with the output of mixer 506-% to provide appropriate signals
to subtraction circuitry 516-4£. The timing of the mixer
output can be determined by the timing of the transmitted
source signal, which i1s controlled by the same system
generating the digital cancellation signal. The start of the
transmission of the source signal and output of the digital
cancellation signal may be correlated to be simultaneous.
The leakage cancellation signal can be provided to subtrac-

tion circuitry 516-k through a LPF 517-% coupled between
DAC 522-k and subtraction circuitry 516-, where LPF 517-%
filters the leakage cancellation signal according to settings of
LPF 517-%. For those systems that do not include such a low
pass lilter, the leakage cancellation signal provided to sub-
traction circuitry 516-% 1s essentially the full leakage can-
cellation signal.

Cancellation signal generator 520-% can include circuitry
to convert a calibration signal, without compensation for
signal leakage, to a first frequency domain calibration sig-
nal; convert a delta function to a second frequency domain
calibration signal; generate a frequency domain leakage
cancellation signal from the first and second frequency
domain calibration signals; and convert the Irequency
domain leakage cancellation signal to the digital cancella-
tion signal. Cancellation signal generator 520-% can provide
the digital cancellation signal for canceling leakage associ-
ated with a signal received at receiver antenna 514-% at some
time alter converting the frequency domain leakage cancel-
lation signal to the digital cancellation signal. Cancellation
signal generator 520-% can include access to a storage device
to store the digital cancellation signal or parameters to
generate the digital cancellation signal, and to provide the
digital cancellation signal.

In addition to cancellation signal generator 520-%, digital
processing module 510-% can include residual leakage esti-
mation circuitry 525-k and subtraction circuitry 530-£.
Residual leakage estimation circuitry 325-% can be coupled
to receive the digital mixer output signal to produce a
residual leakage estimation. Subtraction circuitry 530-4 can
be coupled to receive the digital mixer output and the
residual leakage estimation to produce a radar output signal.
The subtraction circuitry 530-% subtracts the residual leak-
age estimation from the digital mixer output to produce the
radar output signal. Residual leakage estimation circuitry
525-k can be structured to generate a multiplicative factor
from an average of the digital mixer output signal over time
and to apply the multiplicative factor to the digital mixer
output signal to generate the residual leakage estimation.

For each k, k=1 . . . N, digital processing module 510-%
can be arranged to operate 1n a number of different modes.
In one mode, digital processing module 510-% provides the
digital cancellation signal for use in cancelling leakage 1n a
signal received at receiver antenna 514-% during a sensing
operation of system 500. This mode 1s a working mode. In
another mode, digital processing module 510-% operates to
generate the digital cancellation signal. This other mode 1s a
calibration mode. The two modes can be conducted by
correlated operation of switches of system 300.

For each k, system 500 can include a first switch 505-%
coupled to subtraction circuitry 516-4 to operatively provide
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the mixer output signal to subtraction circuitry 516-4. Sys-
tem 500 can also include a second switch 515-4 coupled to
subtraction circuitry 516-% to operatively provide the leak-
age cancellation signal to subtraction circuitry 516-4. Opera-
tion of the first switch 305-4 and second switch 515-k can be
coordinated to operate subtraction circuitry 516-4 1n a work-
ing model or 1n a calibration mode. VGA 518-%, coupled to
subtraction circuitry 316-% and to ADC 512-4, 1s adjustable
such that, 1n the calibration mode, the variable gain amplifier
1s set to a low-gain relative to a gain setting of the varniable
gain amplifier 1n the working mode.

System 300 can include circuitry to control a sensing
function with respect to the generated source signal, based
on the digital mixer output signal or the digital mixer output
signal after reduction of residual leakage signal from the
digital mixer output signal from each digital processing
module 510-%, k. . . N. The circuitry may be portions of one
or more ASICs, one or more DSPs, and/or one or more

processors. The architecture of system 5300 may be used with
other sensing systems.

System 500 can provide a two-step leakage cancellation
scheme to avoid problems associated with conventional
FMCW radars. The first step 1s performed at baseband 1n the
analog domain. In this step, the majority of the leakage
energy 1s cancelled, and the problem of saturation of an ADC
1s addressed. The second step can be carried out 1n the digital
domain. It can be used to cancel residual leakage energy,
which can allow for avoidance of “ghost” targets and
masking of real targets. For each k, k=1 . . . N, each receive
path circuitry k coupled with respective digital processing
circuitry k can be operated 1n working mode and calibration
mode as discussed with respect to system 300 of FIG. 3
applying equations (1) and (6).

The N receive path circuitries can be identical to each
other 1n layout, and the N digital processing circuitries can
be 1dentical to each other in layout. System 500 may be
arranged with a single transmitter antenna and N receiving
antennas, where each receiving antenna 1s coupled to a
respective one recerve path circuitry as a recerver chain, the
receiver chains operating 1n parallel. Each receiver chain 1s
coupled to a respective digital processing circuitry, which
has a leakage canceller. The leakage cancellers of the digital
processing circuitries operate 1n parallel.

FIG. 6 1s a block diagram of an embodiment of an
example system 600 having a FMCW radar system 1n a
MIMO radar configuration based on transmitter antenna
switching. System 600 1ncludes a wavelorm generator 602,
transmitter antennas 604-1 . . . 604-M, receiver antennas

614-1 . . . 614-N, mixers 606-1 . . . 606-N, cancellation
signal generators 620-1 . . . 620-N, DACs 622-1 . .. 622-N,
subtraction circuitries 616-1 . . . N, and ADC 612-1 . . .
612-N. In operation, wavelorm generator 602 1s arranged to
generate a source signal for wireless transmission, and
transmitter antennas 604-1 . . . 604-M are coupled to
wavelorm generator 602 and are selected for transmission in
turn to transmit the source signal. A transmitter can be
selected from among transmitter antennas 604-1 . . . 604-M
by a switch 611. The source signal can be amplified by each
of PA603-1 ... PA 603-M when a corresponding one of the
transmitter antennas 604-1 . . . 604-M 1s selected. PA
603-1 . . . PA 603-M arec coupled between wavelorm
generator 602 and transmitter antennas 604-1 . . . 604-M,
respectively. For those systems that do not include such a
power amplifier, the signal provided to transmitter antennas
604-1 . . . 604-M 1s the source signal effectively amplified
by a factor of one.

For each k, k=1 . . . N, mixer 606-k, ADC 612-%, and

subtraction circuitry 616-% can form a receive path circuitry
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k coupled as a receiver chain to a respective one receiver
antenna k. Each receive path circuitry k 1s coupled to receive
an 1ngoing radio frequency (RF) signal to process the
ingoing RF signal 1n response to transmission of the source
signal from transmitter antennas 604-1 . . . 604-M at their
respective selected periods. The received signal can be
received as a retlection from an object upon which the
transmitted source signal impinges. Each mixer 606-4 can be
coupled to receive the source signal, the ingoing RF signal,
and a leakage signal associated with the source signal, where
mixer 606-% produces a mixer output signal. Each recerved
signal 1n receive path circuitry k can be amplified by a LNA
613-% coupled between receiver antenna 614-4 and mixer
606-%. For those systems that do not include such a low noise
amplifier, the signal provided to mixer 606-% 1s the received
signal effectively amplified by a factor of one. The leakage
signal, associated with the source signal, can be a signal
from transmitter antenna 604 directly to receiver antenna
614-%. The leakage signal may include leakage components
from the circuitry, including wavetform generator 602 and
PA 603-1 ... PA 603-M, associated with providing a signal
to transmitter antenna 604. The leakage signal from such
circuitry may become part of the signal 1n receiver antenna
614-%, LNA 614-k, and/or mixer 606-k operated on at mixer
606-4%. Mixer 606-%£ has an output to provide the mixed
signal as a mixer output signal.

For each k, k=1 . . . N, ADC 612-% can produce a digital
mixer output signal that 1s based upon the mixer output
signal of mixer 606-% 1n receive path circuitry k. Subtraction
circuitry 616-k 1s disposed electrically between mixer 606-4
and ADC 612-% to subtract a leakage cancellation signal
from the mixer output signal in receive path circuitry k. The
mixer output signal can be provided to subtraction circuitry
616-% through a LPF 607-%£ coupled between mixer 606-%
and subtraction circuitry 616-4, where LPF 607-% filters the
mixer output signal according to settings of LPF 607-4. For
those systems that do not include such a low pass filter, the
mixer output signal provided to subtraction circuitry 616-&
1s essentially the full mixer output signal. The output of
subtraction circuitry 616-4 can be a leakage-reduced mixer
output signal, which can be provided to ADC 612-£% through
a variable gamn amplifier (VGA) 618-& coupled between
subtraction circuitry 616-4 and ADC 612-%. For those sys-
tems that do not include such a variable gain amplifier or an
amplifier, the analog leakage-reduced mixer output signal
provided to ADC 612-% 1s essentially the leakage-reduced
mixer output signal (essentially amplified with a gain of
one). The digital leakage-reduced mixer output signal output
from ADC 612-% 1s provided to digital processing module
610-%

For each k, k=1 ... N, cancellation signal generator 620-%
and DAC 622-% can form digital processing circuitry. Each
cancellation signal generator 620-% of each digital process-
ing circuitry k can be structured to operate as a number of
leakage cancellers operating serially with each leakage
canceller corresponding to one of the transmitter antennas
604-1 . . . 604-M. Each cancellation signal generator 620-%
can be arranged as M cancellation signal generators with
system 600 having M transmitting antennas. Each cancel-
lation signal generator 620-% of each digital processing
circuitry k can be structured to operate 1n parallel with the
other cancellation signal generator 620-; of the other digital
processing circuitries j, ] k. Cancellation signal generator
620-% can be coupled to receive the digital mixer output
signal to produce a digital cancellation signal corresponding
to each selected transmitter antenna. DAC 622-k can be
coupled to recerve the digital cancellation signal to produce
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the leakage cancellation signal, which 1s an analog leakage
cancellation signal. The analog leakage cancellation signal
can be synced with the output of mixer 606-% to provide
appropriate signals to subtraction circuitry 616-4. The tim-
ing of the mixer output can be determined by the timing of
the transmitted source signal, which 1s controlled by the
same system as generating the digital cancellation signal.
The start of the transmission of the source signal and output
of the digital cancellation signal may be correlated to be
simultaneous. The leakage cancellation signal can be pro-
vided to subtraction circuitry 616-% through a LPF 617-%
coupled between DAC 622-% and subtraction circuitry 616-
k, where LPF 617-k filters the leakage cancellation signal
according to settings of LPF 617-k. For those systems that
do not include such a low pass filter, the leakage cancellation
signal provided to subtraction circuitry 616-k 1s essentially
the full leakage cancellation signal.

For operation of each leakage canceller within cancella-
tion signal generator 620-4, or serial operation of cancella-
tion signal generator 620-4 as a set of leakage cancellers,
cancellation signal generator 620-% can include circuitry to
convert a calibration signal, without compensation for signal
leakage, to a first frequency domain calibration signal;
convert a delta function to a second frequency domain
calibration signal;, generate a frequency domain leakage
cancellation signal from the first and second Irequency
domain calibration signals; and convert the frequency
domain leakage cancellation signal to the digital cancella-
tion signal for each leakage canceller. Cancellation signal
generator 620-k can provide the digital cancellation signals
for canceling leakage associated with signals received at
receiver antenna 614-4 at some time after converting the
frequency domain leakage cancellation signal to the digital
cancellation signal. Cancellation signal generator 620-% can
include access to a storage device to store the digital
cancellation signals or parameters to generate the digital
cancellation signals, and to provide the respective digital
cancellation signals associated with the transmitter antennas
604-1 . . . 604-M at the appropniate selected periods.

In addition to cancellation signal generator 620-4, digital
processing module 610-%4 can include a residual leakage
estimation circuitry 623-% and a subtraction circuitry 630-%.
Each residual leakage estimation circuitry 625-&£ of each
digital processing circuitry k can be structured to operate as
a number of residual leakage estimators operating serially
with each residual leakage estimator corresponding to one of
the transmitter antennas 604-1 . . . 604-M. For operation of
cach residual leakage estimator within residual leakage
estimation circuitry 625-k, or serial operation of residual
leakage estimation circuitry 625-k as a set of residual
leakage estimators, residual leakage estimation circuitry
625-% can be coupled to receive the digital mixer output
signal to produce a residual leakage estimation to corre-
spond to each of transmitter antennas 604-1 . . . 604-M.
Subtraction circuitry 630-% can be coupled to receive the
digital mixer output and the residual leakage estimation to
produce a radar output signal associated with each trans-
mitter antennas 604-1 . . . 604-M from digital module 610-£.
The subtraction circuitry 630-% subtracts the residual leak-
age estimations, produced seriall, from the digital mixer
output to produce the radar output signal from digital
module 610-£. Residual leakage estimation circuitry 625-&
can be structured to generate a multiplicative factor from an
average of the digital mixer output signal over time and to
apply the multiplicative factor to the digital mixer output
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signal to generate the residual leakage estimation for each
residual leakage estimator of residual leakage estimation
circuitry 625-k%.

For each k, k=1 . . . N, digital processing module 610-%
can be arranged to operate 1n a number of different modes.
In one mode, digital processing module 610-% provides the
digital cancellation signal for use in cancelling leakage 1n a
signal received at receiver antenna 614-% during a sensing
operation of system 600. This mode 1s a working mode. In
another mode, digital processing module 610-% operates to
generate the digital cancellation signal. This other mode 1s a
calibration mode. The two modes can be conducted by
correlated operation of switches of system 600.

For each k, system 600 can include a first switch 605-%
coupled to subtraction circuitry 616-% to operatively provide
the mixer output signal to subtraction circuitry 616-£. Sys-
tem 600 can also include a second switch 615-% coupled to
subtraction circuitry 616-% to operatively provide the leak-
age cancellation signal to subtraction circuitry 616-4. Opera-
tion of the first switch 605-4 and second switch 615-4 can be
coordinated to operate subtraction circuitry 616-4 1n a work-
ing model or 1n a calibration mode for each transmitter
antenna 604-1 . . . 604-M. VGA 618-£, coupled to subtrac-
tion circuitry 616-4 and to ADC 612-k, 1s adjustable such
that, 1in the calibration mode, the variable gain amplifier 1s
set to a low-gain relative to a gain setting of the variable gain
amplifier 1n the working mode.

System 600 can include circuitry to control a sensing
function with respect to the generated source signal, based
on the digital mixer output signal or the digital mixer output
signal after reduction of residual leakage signal from the
digital mixer output signal associated with each transmitter
antennas 604-1 . . . 604-M. The circuitry may be portions of
one or more ASICs, one or more DSPs, and/or one or more
processors. The architecture of system 600 may be used with
other sensing systems.

System 600 can provide a two-step leakage cancellation
scheme to avoid problems associated with conventional
FMCW radars. The first step 1s performed at baseband 1n the
analog domain. In this step, the majority of the leakage
energy 1s cancelled, and the problem of saturation of an ADC
saturation 1s addressed. The second step 1s carried out 1n the
digital domain. It can be used to cancel residual leakage
energy, which can allow for avoidance of “ghost” targets and
masking of real targets. For each k, k=1 . . . N, each receive
path circuitry k coupled with respective digital processing,
circuitry k can be operated 1n working mode and calibration
mode, with respect to each transmitter antennas 604-1 . . .
604-M, as discussed with respect to system 300 of FIG. 3
applying equations (1) and (6) for signals received corre-
sponding to selected operation of transmitter antennas
604-1 . .. 604-M.

The N receive path circuitries can be identical to each
other 1n layout of the architecture of system 600, and the N
digital processing circuitries can be 1dentical to each other 1n
layout. System 600 may be arranged with M transmitter
antennas and N recerving antennas, where each transmitter
antenna 1s selected to operate in turn, and each receiving
antenna 1s coupled to a respective one receive path circuitry
as a receiver chain, with the receiver chains operating 1n
parallel. Fach receiver chain 1s coupled to a respective
digital processing circuitry. Each digital processing circuitry
has with a cancellation leakage canceller structure to operate
as M leakage cancellers operating serially within the can-
cellation leakage canceller, where each leakage canceller
corresponds to a respective one of the M transmitter anten-
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nas. The cancellation leakage cancellers of the digital pro-
cessing circuitries coupled to different receiver chains oper-
ate 1n parallel.

FIG. 7 1s a block diagram of an embodiment of an
example system having a frequency-modulated continuous
wave radar system 1n a multiple-input multiple-output radar
configuration FIG. 7 1s a block diagram of an embodiment
of an example system 700 having a FMCW radar system 1n
a MIMO radar configuration based on transmitter antenna
and receiver antenna switching. System 700 includes a
wavelorm generator 702, transmitter antennas 704-1 . . .
704-M, receiver antennas 714-1 . . . 714-N, mixers 706,
cancellation signal generators 720, DAC 722, subtraction
circuitry 716, and ADC 712. In operation, wavelform gen-
crator 702 1s arranged to generate a source signal for
wireless transmission, and transmitter antennas 704-1 . . .
704-M are coupled to wavelorm generator 702 and are
selected for transmission in turn to transmit the source
signal. A transmitter can be selected from among transmitter
antennas 704-1 . . . 704-M by a switch 711-1. The source
signal can be amplified by each of PA 703-1 ... PA 703-M
when a corresponding one of the transmitter antennas
704-1 . . . 704-M 1s selected. PA 703-1 . . . PA 703-M are
coupled between wavelorm generator 702 and transmitter
antennas 704-1 . . . 704-M, respectively. For those systems
that do not include such a power amplifier, the signal
provided to transmitter antennas 704-1 . . . 704-M 1s the
source signal effectively amplified by a factor of one.

Mixer 706, ADC 712, and subtraction circuitry 716 can
form receive path circuitry coupled as a receiver chain to a
selected one receiver antenna of receiver antennas
714-1 . . . 714-N by a switch 711-2. Fach receiver antenna
of the receiver antennas 714-1 . . . 714-N can be selectively
coupled to the receive path circuitry for signal reception 1n
turn such that the each receiver antenna operates with each
transmitter antenna of the transmitter antennas 704-1 . . .
704-M as a transmitter-receiver (1x, Rx) pair at selected
times. The receive path circuitry 1s coupled to receive an
ingoing radio frequency (RF) signal to process the mgoing
RF signal in response to transmission of the source signal
from transmitter antennas 704-1 . . . 704-M during their
selected transmission periods. The received signal can be
received as a reflection from an object upon which the
transmitted source signal impinges. Mixer 706 can be
coupled to receive the source signal, the ingoing RF signal,
and a leakage signal associated with the source signal, where
mixer 706 produces a mixer output signal. Each recerved

signal 1n the receive path circuitry can be amplified by a
LNA 713-1 . . . 713-N coupled between an associated

receiver antenna of receiver antennas 714-1 . . . 714-N and
mixer 706 upon selection by switch 711-2. For those systems
that do not include such a low noise amplifier, the signal
provided to mixer 706 i1s the received signal effectively
amplified by a factor of one. Leakage signals, associated
with the source signal, can be signals from transmitter
antennas 704-1 . . . 704-M directly to receiver antennas
714-1 . . . 714-N. The leakage signals may include leakage
components from the circuitry, including wavetform genera-
tor 702 and PA 703-1 . .. 703-M, associated with providing
a signal to transmitter antennas 704-1 . . . 704-M. Leakage
signals from such circuitry may become part of the signal 1n
receiver antennas 714-1 . . . 714-N, LNA 713-1 . . . 713-N,
and/or mixer 706 operated on at mixer 706. Mixer 706 has
an output to provide the mixed signal as a mixer output
signal.

ADC 712 can produce a digital mixer output signal that 1s
based upon the mixer output signal of mixer 706 in the
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receive path circuitry. Subtraction circuitry 716 1s disposed
clectrically between mixer 706 and ADC 712 to subtract a
leakage cancellation signal from the mixer output signal 1n
the receive path circuitry. The mixer output signal can be
provided to subtraction circuitry 716 through a LPF 707
coupled between mixer 706 and subtraction circuitry 716,
where LPF 707 filters the mixer output signal according to
settings of LPF 707. For those systems that do not include
such a low pass filter, the mixer output signal provided to
subtraction circuitry 716 1s essentially the full mixer output
signal. The output of subtraction circuitry 716 can be a
leakage-reduced mixer output signal, which can be provided
to ADC 712 through a vanable gain amplifier (VGA) 718
coupled between subtraction circuitry 716 and ADC 712.
For those systems that do not include such a variable gain
amplifier or an amplifier, the analog leakage-reduced mixer
output signal provided to ADC 712 1s essentially the leak-
age-reduced mixer output signal (essentially amplified with
a gain of one). The digital leakage-reduced mixer output
signal output from ADC 712 1s provided to digital process-
ing module 710.

Cancellation signal generator 720 and DAC 722 can form
digital processing circuitry. Cancellation signal generator
720 can be structured to operate as a number of leakage
cancellers operating serially with each leakage canceller
corresponding to one of transmitter antennas 704-1 . . .
704-M and one of receiver antennas 714-1 . . . 714-N, that
1s, to one (Ix, Rx) antenna pair. With M transmitting
antennas and N receiving antennas, the number of (Tx, Rx)
antenna pairs 1s the multiplicative product MN. Cancellation
signal generator 720 can be arranged as MN leakage can-
cellers. Cancellation signal generator 720 can be structured
to operate serially as MN leakage cancellers, each one of the
MN leakage cancellers corresponding to one (1x, Rx)
antenna pair. Cancellation signal generator 720 can be
coupled to receive the digital mixer output signal to produce
a digital cancellation signal corresponding to each selected
(Tx, Rx) antenna pair. DAC 722 can be coupled to receive
the digital cancellation signal to produce the leakage can-
cellation signals, which are analog leakage cancellation
signals, one for each selected (Tx,Rx) antenna pair. Analog
leakage cancellation signals can be synced with the output of
mixer 706 to provide appropriate signals to subtraction
circuitry 716. The timing of the mixer output can be deter-
mined by the timing of the transmitted source signal with
respect to the selected transmitter and the selected recerver,
which 1s controlled by the same system as generating the
digital cancellation signals. The start of the transmission of
the source signal and output of the digital cancellation signal
may be correlated to be simultaneous. The leakage cancel-
lation signals in their appropriate time periods can be
provided to subtraction circuitry 716 through a LPF 717
coupled between DAC 722 and subtraction circuitry 716,
where LPF 717 filters the leakage cancellation signal
according to settings of LPF 717. For those systems that do
not include such a low pass filter, the leakage cancellation
signal provided to subtraction circuitry 716 1s essentially the
tull leakage cancellation signal.

For operation of each leakage canceller within cancella-
tion signal generator 720, or serial operation of cancellation
signal generator 720-% as a set of leakage cancellers, can-
cellation signal generator 720 can include circuitry to con-
vert a calibration signal, without compensation for signal
leakage, to a first frequency domain calibration signal;
convert a delta function to a second frequency domain
calibration signal; generate a frequency domain leakage
cancellation signal from the first and second frequency
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domain calibration signals; and convert the frequency
domain leakage cancellation signal to the digital cancella-
tion signal for each (1x, Rx) pair. Cancellation signal
generator 720 can provide the digital cancellation signal for
canceling leakage associated with signals received at
receiver antenna 714-k with respect to transmission from
transmitter antenna 704-j at some time after converting the
frequency domain leakage cancellation signal to the digital
cancellation signal. Cancellation signal generator 720 can
include access to a storage device to store the digital
cancellation signals or parameters to generate the digital
cancellation signals, and to provide the appropriate digital
cancellation signals associated with the respective (Tx, Rx)
pair.

In addition to cancellation signal generator 720, digital
processing module 710 can include residual leakage estima-
tion circuitry 725 and subtraction circuitry 730-4. Residual
leakage estimation circuitry 723 can be structured to operate
as a number of residual leakage estimators operating serially
with each residual leakage estimator corresponding to one
(Tx, Rx) antenna pair. For operation of each residual leakage
estimator within residual leakage estimation circuitry 725,
or serial operation of residual leakage estimation circuitry
725 as a set of residual leakage estimators, residual leakage
estimation circuitry 723 can be coupled to recerve the digital
mixer output signal to produce a residual leakage estimation.
Subtraction circuitry 730 can be coupled to receive the
digital mixer output and the residual leakage estimation to
produce a radar output signal. The subtraction circuitry 730
subtracts the residual leakage estimation for (Ix, Rx)
antenna pair from the digital mixer output 1n the selected
periods to produce the radar output signal. The selected
periods can correspond to the coordinated selection of
switches 711-1 and 711-2. Residual leakage estimation
circuitry 725 can be structured to generate a multiplicative
factor from an average of the digital mixer output signal over
time and to apply the multiplicative factor to the digital
mixer output signal to generate the residual leakage estima-
tion for each residual leakage estimator of residual leakage
estimation circuitry 725 at their selected periods.

Digital processing module 710 can be arranged to operate
in a number of different modes. In one mode, digital
processing module 710 provides the digital cancellation
signal for use in cancelling leakage 1n a signal received at
receiver antenna 714-k corresponding to transmission from
a transmitter antenna 704-j during a sensing operation of
system 700. This mode 1s a working mode. In another mode,
digital processing module 710 operates to generate the
digital cancellation signals for the (Tx, Rx) antenna pairs.
This other mode 1s a calibration mode. The two modes can
be conducted by coordinated operation of switches of sys-
tem 700 in the receive path circuitry and coupling the
receive path circuitry to the digital processing circuitry
along with switches 711-1 and 711-2.

System 700 can include a first switch 705 coupled to
subtraction circuitry 716 to operatively provide the mixer
output signal to subtraction circuitry 716. System 700 can
also mclude a second switch 715 coupled to subtraction
circuitry 716 to operatively provide the leakage cancellation
signal to subtraction circuitry 716. Operation of the first
switch 705 and second switch 715 can be coordinated to
operate subtraction circuitry 716 in a working model or 1n a
calibration mode. VGA 718, coupled to subtraction circuitry
716 and to ADC 712, 1s adjustable such that, 1n the calibra-
tion mode, the vaniable gain amplifier 1s set to a low-gain
relative to a gain setting of the variable gain amplifier in the
working mode.
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System 700 can include circuitry to control a sensing
function with respect to the generated source signal, based
on the digital mixer output signal or the digital mixer output
signal after reduction of residual leakage signal from the

digital mixer output signal. The circuitry may be portions of 5

one or more ASICs, one or more DSPs, and/or one or more
processors. The architecture of system 700 may be used with
other sensing systems.

System 700 can provide a two-step leakage cancellation
scheme to avoid problems associated with conventional
FMCW radars. The first step 1s performed at baseband 1n the
analog domain. In this step, the majority of the leakage
energy 1s cancelled, and the problem of saturation of an ADC
saturation 1s addressed. The second step may be carried out
in the digital domain. It can be used to cancel residual
leakage energy, which can allow for avoidance of “ghost”
targets and masking of real targets. The receive path cir-
cuitry coupled with the digital processing circuitry can be
operated 1n working mode and calibration mode as discussed
with respect to system 300 of FIG. 3 applying equations (1)
and (6) for signals received corresponding to selected opera-
tion of (Tx, Rx) antenna pairs.

System 700 may be arranged with M transmitter antennas
and N recerving antennas, providing a total of MN (1Tx, Rx)
antenna pairs. Each transmitter antenna can be selected to
operate 1n turn, and each receiving antenna can be coupled
to a shared receive path circuitry as a receiver chain, with
cach recerver antenna selected for signal reception i tumn.
The receiver chain 1s coupled to a digital processing cir-
cuitry, which can include MN leakage cancellers operating
serially, where each MN leakage canceller corresponds to
one (1x, RX) antenna pair.

The architecture of system 300 of FIG. 3 can be modified
to other work in other sensing situations. For example,
system 300 can be modified 1nto a system having an acoustic
probing system by replacing transmitter antenna 304 with an
acoustic transmitter, which generates an acoustic output
signal from an electrical input signal, and replacing receirv-
ing antenna 314 with an acoustic receiver, which generates
an electrical output signal from an acoustic input signal. A
system, having an acoustic detection system, can comprise
a wavelorm generator in conjunction with receive path
circuitry and digital processing circuitry. The wavelorm
generator can be structured to generate a source signal for
acoustic transmission from at least one acoustic transmitter.
The recerve path circuitry can be coupled to receive an
ingoing signal to process the ingoing signal after conversion
from an mgoing acoustic signal. The recerve path circuitry
can include a mixer, an analog-to-digital converter, and
subtraction circuitry.

The mixer can be coupled to recerve the source signal, the
ingoing signal, and a leakage signal associated with the
source signal, where the mixer produces a mixer output
signal. The analog-to-digital converter can produce a digital
mixer output signal that 1s based upon the mixer output
signal. The subtraction circuitry can be disposed electrically
between the mixer and the analog-to-digital converter to
subtract a leakage cancellation signal from the mixer output
signal.

The leakage cancellation signal can be generated from the
digital processing circuitry that includes a cancellation sig-
nal generator and a digital to analog converter. The cancel-
lation signal generator can be coupled to receive the digital
mixer output signal and to produce a digital cancellation
signal. The digital to analog converter coupled to receive the
digital cancellation signal to produce the leakage cancella-
tion signal.
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The system having an acoustic probing system can
include a first switch coupled to recerve the mixer output
signal and coupled to the subtraction circuitry to provide the
received mixer output signal to the subtraction circuitry, and
a second switch coupled to receive the leakage cancellation
signal and coupled to the subtraction circuitry to provide the
received leakage cancellation signal to the subtraction cir-
cuitry. Operation of the first and second switches can be
coordinated to operate the subtraction circuitry 1n a working
mode and in a calibration mode. Such a system can include
the cancellation signal generator to include circutry to
convert a calibration signal, without compensation for signal
leakage, to a first frequency domain calibration signal, and
to convert a delta function to a second frequency domain
calibration signal. A frequency domain leakage cancellation
signal can be generated from the first and second frequency
domain calibration signals, and the frequency domain leak-
age cancellation signal can be converted to the digital
cancellation signal. The receive path circuitry coupled with
the digital processing circuitry of the acoustic based detec-
tion system can be operated in working mode and calibration
mode as discussed with respect to system 300 of FIG. 3
applying equations (1) and (6).

The system having an acoustic probing system can
include residual leakage estimation circuitry coupled to
receive the digital mixer output signal to produce a residual
leakage estimation. The residual leakage estimation can be
provided to a second subtraction circuitry coupled to receive
the digital mixer output along with the residual leakage
estimation to produce a detection output signal. The sub-
traction circuitry can subtract the residual leakage estimation
from the digital mixer output to produce the detection output
signal.

FIG. 8 15 a tlow diagram of features of an embodiment of
an example method of providing leakage cancellation to a

received signal. At 810, a source signal i1s generated for
wireless transmission. The wireless transmission can be
from at least one antenna. At 820, an ingoing radio fre-
quency (RF) signal 1s received. The ingoing RF signal can
be processed using a procedure that comprises operations in
the analog domain and 1n the digital domain. At 830, the
source signal, the ingoing RF signal, and a leakage signal
associated with the source signal are mixed, producing a
mixer output signal. At 840, a leakage cancellation signal 1s
subtracted from the mixer output signal. At 850, a digital
mixer output signal that 1s based upon the mixer output
signal 1s produced.

Production of the leakage cancellation signal can com-
prise operations 1n the digital domain with conversion of the
results into the analog domain. At 860, a digital cancellation
signal 1s produced by a cancellation signal generator coupled
to recerve the digital mixer output signal. Producing the
digital cancellation signal can include converting a calibra-
tion signal, without compensating for signal leakage, to a
first frequency domain calibration signal; converting a delta
function to a second frequency domain calibration signal;
generating a frequency domain leakage cancellation signal
from the first and second frequency domain calibration
signals; and converting the frequency domain leakage can-
cellation signal to the digital cancellation signal. At 870, the
digital cancellation signal 1s converted to an analog signal to
produce the leakage cancellation signal. The digital cancel-
lation signal may be generated in a calibration mode and
converted to an analog signal to produce the leakage can-
cellation signal 1n a working mode. Operation in two modes
may be facilitated with coordinated use of switches.
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Variations of method 800 or methods similar to method
800 can include a number of different embodiments that may
or may not be combined depending on the application of
such methods and/or the architecture of systems 1n which
such methods are implemented. Such methods can include
estimating a residual leakage signal based on the digital
mixer output signal; and producing a radar output signal
from subtracting the estimated residual leakage signal from
the digital mixer output signal. Estimating the residual
leakage signal can include generating a multiplicative factor
from averaging the digital mixer output signal over time and
applying the multiplicative factor to the digital mixer output
signal to generate the estimated residual leakage signal.

Variations of method 800 or methods similar to method
800 can include performing a sensing function with respect
to the source signal based on the digital mixer output signal.
The sensing function can be performed as part of a fre-
quency-modulated continuous wave radar. In various
embodiments, the Ifrequency-modulated continuous wave
radar may be structured as a phased array system, a trans-
mitter antenna switching based MIMO radar, or a transmaitter
antenna and receiver antenna switching based MIMO. The
techniques of the method can be applied to sensing functions
using acoustic probing.

In various embodiments, a number of the tasks executed
in method 800 or 1n similar methods can be realized 1n a set
of integrated circuits. The set of integrated circuits can
comprise one or more mtegrated circuits. Each integrated
circuit can be structured as one or more die 1n a package
having mput and output pins, which may be referred to as
nodes. The set of integrated circuits can be one or more
ASICs, which are specifically designed for a system 1nclud-
ing a detection system, such as a FMCW radar, extensions
of a FMCW radar, an acoustic system, or other detection
system using a wireless probe signal, as taught herein. The
set of mtegrated circuits may include digital signal proces-
sors (DSPs) and associated data storages to record data
signals and perform digital signal processing such as, but not
limited to, executing fast Fourier transforms and inverse fast
Fourier transforms.

FIG. 9 1s a block diagram of an embodiment of an
example system 900 having a detection system. System 900
can 1nclude a signal generator means 902 for generating a
source signal for wireless transmission. Wireless transmis-
sion can be realized by a transmitter means 904. Transmitter
means 904 may include at least one antenna. An ngoing
signal can be received by recerver means 914 for processing.
The processing can comprise mixing the source signal, the
ingoing signal, and a leakage signal associated with the
source signal by a mixer means 906 for mixing signals,
which produces a mixer output signal. A subtraction means
916 for subtracting signals can be arranged to subtract a
leakage cancellation signal from the mixer output signal.
Analog-to-digital conversion means 912 for converting ana-
log signals to digital signals can be implemented to produce
a digital mixer output signal that 1s based upon the mixer
output signal.

A digital cancellation signal generation means 920 for
generating a digital cancellation signal generator 1s coupled
to receive the digital mixer output signal. Generating the
digital cancellation signal by digital cancellation signal
generator means 920 can include converting a calibration
signal, without compensating for signal leakage, to a first
frequency domain calibration signal, converting a delta
function to a second frequency domain calibration signal;
generating a frequency domain leakage cancellation signal
from the first and second frequency domain calibration
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signals; and converting the frequency domain leakage can-
cellation signal to the digital cancellation signal. The digital
cancellation signal can be converted to an analog signal to
produce the leakage cancellation signal by a digital-to-
analog conversion means 920 for converting digital signals
to analog signals.

System 900 can also 1include a residual leakage estimation
means 925 for estimating a residual leakage, which may be
based on the digital mixer output signal, to generate an
estimated residual leakage signal. A subtraction means 930
for subtracting signals can be arranged to produce a detec-
tion output signal from subtracting the estimated residual
leakage signal from the digital mixer output signal. Residual
leakage estimation means 925 can estimate the residual
leakage signal from a procedure including generating a
multiplicative factor from averaging the digital mixer output
signal over time and applying the multiplicative factor to the
digital mixer output signal to generate the estimated residual
leakage signal. From the output of the subtraction means 930
for subtracting signals, a sensing function can be performed
with respect to the source signal based on the digital mixer
output signal. The sensing function can include a sensing
function as part of a frequency-modulated continuous wave
radar.

FIG. 10 1s a block diagram of features of an embodiment
of an example system 1000 having a detection unit 1070.
Detection unit 1070, having one or more transmitters and
one or more receivers, along with the components of system
1000 may be mmplemented to reduce or cancel leakage
signals 1n received signals from transmitting a probe signal.
Detection unit 1070 may be implemented as a FMCW radar
or other detection unit, according to the teachings herein.
System 1000 may be itegrated into an automobile, a smart
phone, a smart watch, other terminal device, and other
devices that have functions including detection applications
including but not limited to short range radar applications.

System 1000 may also imnclude a number of components
such as control circuitry 1032, memory 1033, communica-
tions unit 1040, signal processing unit 1043, electronic
apparatus 1050, peripheral devices 1055, display unit(s)
1060, user interface 1062, and selection device(s) 1064.
Control circuitry 1032 can be realized 1in one or more ASICs.
Control circuitry 1032 may be realized 1n one or more DSPs.
Control circuitry 1032 may be structured to provide, among
other things, adjustment to gain levels and other variable
parameters to operate detection unit 1070 and can be part of
a digital processing module associated with detection unit
1070. Depending on the architecture and designed functions
of system 1000, control circuitry 1032 can be realized as one
Or more processors, where such processors may operate as
a single processor or a group of processors. Processors of the
group ol processors may operate mdependently depending
on an assigned function. In controlling operation of the
components of system 1000 to execute schemes associated
the functions for which system 1000 1s designed, control
circuitry 1032 can direct access of data to and from a
database.

System 1000 can 1nclude control circuitry 1032, memory
1035, and communications unit 1040 arranged to operate as
a processing unit to control management of detection unit
1070 and to perform operations on data signals collected by
detection unit 1070. For example, control circuitry 1032,
memory 1035, and communications umt 1040 can be
arranged to determine one or more characteristics for an
object detected by detection umt 1070 from a set including
distance, velocity, and direction associated with the object
and provide the data to display unit(s) 1060, memory 1035,
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and/or to systems external to system 1000 via communica-
tions unit 1040. Depending on the application, communica-
tions unit 1040 may use combinations of wired communi-
cation technologies and wireless technologies.

Memory 1035 can include a database having information
and other data such that system 1000 can operate on data to
perform functions of system 1000. Signal processing unit
1045 may be distributed among the components of system
1000 including memory 1035 and/or electronic apparatus

1050.

System 1000 can also include a bus 1037, where bus 1037
provides electrical conductivity among the components of
system 1000. Bus 1037 may include an address bus, a data
bus, and a control bus, where each may be independently
configured. Bus 1037 may be realized using a number of
different communication mediums that allows for the dis-
tribution of components of system 1000. Use of bus 1037
can be regulated by control circuitry 1032. Bus 1037 may be
operable as part of a communications network to transmuit
and receive signals including data signals and command and
control signals.

In various embodiments, peripheral devices 1055 may
include drivers to provide voltage and/or current input to
detection unit 1070, additional storage memory and/or other
control devices that may operate 1n conjunction with control
circuitry 1032 and/or memory 1035. Display unit(s) 1060
can be arranged with a screen display that can be used with
instructions stored in memory 1035 to implement user
interface 1062 to manage the operation of detection unit
1070 and/or components distributed within system 1000.
Such a user interface can be operated in conjunction with
communications unit 1040 and bus 1037. Display unit(s)
1060 can include a video screen or other structure to visually
project data/information and images. System 1000 can
include a number of selection devices 1064 operable with
user interface 1062 to provide user inputs to operate signal
processing umt 1045 or its equivalent. Selection device(s)
1064 can include a touch screen or a selecting device
operable with user interface 1062 to provide user mputs to
operate signal processing unit 1045 or other components of
system 1000.

In various embodiments, a system can include a set of
processors and a set of associated non-transitory machine-
readable storage devices to perform tasks for which the
system 1s structured. The system may include a detection
system that can be operated, using the set of processors
along with instructions stored in the set of non-transitory
machine-readable storage devices, including cancelling or
reducing a leakage signal, as taught herein. Such set of
non-transitory machine-readable storage devices can com-
prise 1nstructions stored thereon, which, when performed by
a machine, cause the machine to direct and/or perform
operations, the operations comprising one or more features
similar to or 1dentical to features of methods and techniques
described with respect to method 800, vanations thereof,
and/or features of other methods taught herein such as
associated with FIGS. 1-10. The physical structures of such
instructions may be operated on by one or more processors.
Further, a machine-readable storage device, herein, i1s a
physical device that stores data represented by physical
structure within the device. Such a physical device 15 a
non-transitory device. Examples of machine-readable stor-
age devices can include, but are not limited to, read only
memory (ROM), random access memory (RAM), a mag-
netic disk storage device, an optical storage device, a flash
memory, and other electronic, magnetic, and/or optical
memory devices. The machine-readable device may be a
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machine-readable medium such as memory 1035 of FIG. 10.
While memory 1035 1s shown as a single memory, terms
such as “memory,” “machine-readable medium,” “machine-
readable device,” “machine-readable storage device,”
“memory module,” and similar terms should be taken to
include all forms of storage media, either in the form of a
single medium (or device) or multiple media (or devices), 1n
all forms. For example, such structures can be realized as
centralized database(s), distributed database(s), associated
caches, and servers; one or more storage devices, such as
storage drives (including but not limited to electronic, mag-
netic, and optical drives and storage mechanisms), and one
or more mstances of memory devices or modules (whether
main memory; cache storage, either internal or external to a

processor; or buflers). Terms such as “memory,” “memory
module,” “

machine-readable medium,” and “machine-read-
able device,” shall be taken to include any tangible non-
transitory medium which 1s capable of storing or encoding
a sequence of instructions for execution by the machine and
that cause the machine to direct or perform any one of the
methodologies taught herein. The term “non-transitory”
used 1n reference to a “machine-readable device,”
“medium,” “storage medium,” “device,” or “storage device”
expressly includes all forms of storage drnives (optical,
magnetic, electrical, etc.) and all forms of memory devices
(e.g., DRAM, Flash (of all storage designs), SRAM,
MRAM, phase change, etc., as well as all other structures
designed to store data of any type for later retrieval.

As noted, the machine-readable non-transitory media,
such as computer-readable non-transitory media, includes
all types of computer readable media, including magnetic
storage media, optical storage media, flash media and solid
state storage media. It should be understood that software
can be 1nstalled 1n and sold with a system having a FMCW
radar or other sensing systems having transmitters and
receivers operable with a probe signal. Alternatively the
soltware can be obtained and loaded into the device having
the sensing system, including obtaining the soitware through
physical medium or distribution system, including, for
example, from a server owned by the soltware creator or
from a server not owned but used by the software creator.
The software can be stored on a server for distribution over
the Internet, for example.

Although a few embodiments have been described 1n
detail above, other modifications are possible. For example,
the logic flows depicted 1n the figures do not require the
particular order shown, or sequential order, to achieve
desirable results. Other steps may be provided, or steps may
be eliminated, from the described flows, and other compo-
nents may be added to, or removed from, the described
systems. Other embodiments may be within the scope of the
following claims.

A Y

What 1s claimed 1s:

1. A system comprising:

a wavelorm generator to generate a source signal for
wireless transmission from at least one antenna;

recerve path circuitry coupled to receive an imngoing radio
frequency (RF) signal that 1s a reflection of the source
signal from an object and configured to process the
ingoing RF signal, the receive path circuitry compris-
ng:

a mixer coupled to receive the ingoing RF signal and a
high frequency signal from the waveform generator,
wherein the mixer produces a down converted mixer
output signal;
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an analog-to-digital converter that produces a digital
mixer output signal that i1s based upon the down
converted mixer output signal;

subtraction circuitry disposed electrically between the
mixer and the analog-to-digital converter to subtract
a leakage cancellation signal from the down con-
verted mixer output signal;

a digital to analog converter configured to produce the
leakage cancellation signal to the subtraction cir-
cuitry;

a first switch configured to selectively couple, based on
a control signal, one of the down converted mixer
output signal or ground to the subtraction circuitry;
and

a second switch configured to selectively couple, based
on a second control signal, one of the leakage
cancellation signal or ground to the subtraction cir-
cuitry.

2. The system of claim 1, wherein the system includes

a variable gain amplifier coupled between the subtraction

circuitry and the analog-to-digital converter, wherein

the variable gain amplifier comprises a fixed high-gain
amplifier and a fixed low-gain amplifier.

3. The system of claim 1, wherein the system includes

a low pass filter coupled between the mixer and the

subtraction circuitry, wherein the low pass filter filters

output of the mixer.

4. The system of claim 1, wherein the system includes

a low pass filter coupled between the digital to analog

converter and the subtraction circuitry, wherein the low

pass lilter filters the leakage cancellation signal.

5. The system of claim 1, wherein components of the
system are structured to produce a frequency-modulated
continuous wave radar signal.

6. The system of claim 1, further comprising;:

one or more additional receive path circuitries identical to

the receive path circuitry;

wherein the recerve path circuitry and the one or more

additional receive path circuitries are structured to

operate in parallel with respect the source signal gen-
erated by the wavelorm generator.

7. The system of claim 1, wherein the system further
COmMprises:

the at least one antenna being a plurality of transmitter

antennas, each transmitter antenna being coupled for

transmission ol a corresponding source signal derived
from the wavetform generator; and

a plurality of receiver antennas, each receiver antenna

coupled to a respective receive path circuitry of a

plurality of receive path circuitries, the plurality of

receiver antennas and their coupled respective receive
path circuitries coupled to operate 1n parallel.

8. The system of claim 1, wherein the system further
COmMprises:

the at least one antenna comprising a plurality of trans-

mitter antennas, each transmitter antenna being coupled

for transmission of a corresponding source signal
derived from the wavelform generator; and

a plurality of receiver antennas, each receiver antenna

selectively coupled to the receive path circuitry for

signal reception in turn such that the each receiver
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antenna operates with each transmitter as a transmitter-
receiver pair at selected times.

9. A method comprising;

generating a source signal for wireless transmission from

at least one antenna;

recerving an ingoing radio frequency (RF) signal that 1s a

reflection of the source signal from an object; and

processing the ingoing RF signal, the processing com-

prising:

mixing the imngoing RF signal, producing a down con-
verted mixer output signal;

subtracting a leakage cancellation signal from the down
converted mixer output signal by a subtraction cir-
cuitry disposed electrically between a mixer and an
analog-to-digital converter;

producing a digital mixer output signal that 1s based
upon the down converted mixer output signal;

converting a digital signal to an analog signal to
produce the leakage cancellation signal;

selectively coupling, based on a control signal, the
down converted mixer output signal or ground to the
subtraction circuitry; and

selectively coupling, based on a second control signal,
the leakage cancellation signal or ground to the
subtraction circuitry.

10. The method of claim 9, wherein the method includes
adjusting a variable gain amplifier, coupled between the
subtraction circuitry and the analog-to-digital converter,
such that, in a calibration mode, the variable gain amplifier
1s set to a low-gain relative to a gain setting of the vanable
gain amplifier in a working mode.

11. The method of claim 9, wherein the method 1ncludes
low pass filtering output of the mixer.

12. The method of claim 9, wherein the method 1ncludes
low pass filtering the leakage cancellation signal.

13. The method of claim 9, wherein generating the source
signal, recerving the mgoing RF signal, and processing the
ingoing RF signal produces a frequency-modulated continu-
ous wave radar signal.

14. The method of claim 9, wherein the method includes
processing the ingoing RF signal and one or more additional
ingoing RF signals, 1n a substantially 1dentical manner, in
parallel with respect the source signal.

15. The method of claim 9, wherein the method includes:

operating the at least one antenna being a plurality of

transmitter antennas for transmission of a correspond-
ing source signal; and

operating a plurality of receiver antennas coupled to

operate 1n parallel to receive the ingoing RF signal and
additional ingoing RF signals.

16. The method of claim 9, wherein the method includes:

operating the at least one antenna being a plurality of

transmitter antennas for transmission ol a correspond-
ing source signal; and

operating a plurality of receiver antennas, with each

receiver antenna selectively coupled for signal recep-
tion 1n turn such that each receiver antenna operates
with each transmitter as a transmitter-receiver pair at
selected times.
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